








Abstract— In this paper, using a high frequency mechanical 
stopper as a complementary energy harvester is proposed to 
improve the performance of energy harvesting from concurrent 
wind flows and base vibrations. Galloping aeroelasticity of a 
square-sectioned bluff body is employed to achieve limit-cycle 
structural oscillations. The analysis demonstrates that the 
bandwidth for effectively harnessing both aerodynamic and base 
vibratory energy is substantially widened, and simultaneously, 
the total power amplitude is significantly enhanced as compared 
to the original linear galloping energy harvester. It is concluded 
that the proposed system is viable solution to enhance energy 
conversion in situations where wind flows and base vibrations 
are coexisting. 
I. INTRODUCTION 
The past decades have seen an increasing interest in stand-
alone and low-power consumption electronics such as wireless 
sensor networks (WSNs), data transmitters, medical implants, 
etc., which have found wide applications in sensing, 
monitoring and communication areas. A major problem is how 
to maintain perpetual power supply. Due to the limited 
lifespans of batteries, frequent replacement or recharging is 
required which can be cumbersome, time-consuming, and 
expensive, especially for those sensor nodes deployed in 
remote or inaccessible locations. Recently, growing efforts 
have been devoted to the development of energy harvesters to 
harness the ambient energy sources as an alternative on-site 
power supply. The ultimate goal is to realize automatically 
self-powered electronic systems such as self-powered WSNs. 
Available sources include wind flows, mechanical vibrations, 
solar energy, hydraulic power, thermal energy, and so on.  
Considerable studies have been carried out to convert 
ambient mechanical vibrations to electricity. Various 
techniques have been reported to enhance the performance of 
base vibration piezoelectric energy harvesters in terms of 
broadening the bandwidth and improving the power 
generation efficiency [1, 2]. Researchers have developed 
nonlinear energy harvesters with monostable, bistable or 
tristable characterstics [3] to improve the functionality of 
energy harvesters subjected to ambient vibrations with variant 
frequencies or random patterns. Frequency up-conversion 
techniques are also frequently exploited to harness ultra-low 
frequency sources [4]. Impact-based designs by introducing 
mechanical stoppers [5-7] are also enthusiastically pursued to 
harness base vibrations. 
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Besides the preexisting structural vibrations, wind energy 
is also a ubiquitous energy source in both indoor and outdoor 
environments. Although large-scale wind turbines with power 
generation in megawatt under strong wind flow conditions are 
already developed very well, small-scale wind energy 
harvesting in milliwatt or microwatt for powering 
microelectronics has received limited attention until recently 
[8-11]. Researchers have investigated small-scale energy 
harvesting by exploiting various aeroelastic instabilities, such 
as vortex-induced vibrations (VIV) induced by periodic vortex 
shedding [12], modal convergent flutter of flapping airfoils 
[13], galloping of prisms [14-17]. Large amplitude oscillations 
arise from the coupling of the aerodynamic forces with the 
harvester structures. Considerable efforts have also been 
devoted to improving the efficiency of aeroelastic energy 
harvesters from both structural modifications [18-21] and 
interface circuit sophistications[17, 22].      
   However, all the above studies have only considered a 
single type of energy source, either vibration or wind flow. In 
many circumstances, these two sources are coexisting, such as 
the bridges, ships, vehicles, aircrafts, subway tunnels, etc. It is 
therefore worthwhile to develop energy harvesters that 
concurrently harness coexisting wind and vibration energy to 
power sensor nodes located in these situations. Bibo and  
Daqaq [13] were among the very first to consider energy 
harvesting under combined loadings. Using an aeroelastic 
flutter piezoelectric energy harvester under combined 
excitations, they found the power was enhanced as compared 
to that generated by two separate base vibration energy 
harvester and flutter energy harvester. Concurrent energy 
harvesting based on galloping energy harvesters and VIV 
energy harvesters have also been recently investigated [23, 24]. 
However, these concurrent energy harvesters suffer from a 
main drawback that enhanced power is only achieved within a 
very narrow bandwidth close to the resonance. When the base 
vibration frequency deviates from the resonance, quasi-
periodic oscillations occur due to the interaction between the 
coexisting base vibratory and aerodynamic frequencies. There 
are quite few studies on enhancing the functionality of 
aeroelastic energy harvesters under concurrent base vibratory 
and aerodynamic excitations. Recently, Zhao and Yang [19] 
reported a novel impact-based design of concurrent base 
vibration and wind energy harvester with broadened 
bandwidth by utilizing a mechanical stopper. Electrical energy 
was collected from the galloping piezoelectric energy 
harvester. The quasi-periodic oscillations were converted to 
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periodic vibrations by the introduced mechanical stopper, and 
the coexisting excitation frequencies were forced to lock into 
each other over an extended frequency bandwidth.    
This paper investigates the power enhancing performance 
of a broadband concurrent wind and base vibration energy 
harvester with piecewise linear restoring force and frequency 
up-conversion characteristic. Galloping aeroelasticity of a 
square-sectioned bluff body is employed to achieve limit-cycle 
structural oscillations. The high frequency mechanical stopper 
is utilized as a complementary piezoelectric energy harvester, 
which simultaneously broadens the operational frequency 
bandwidth and augments the power amplitude. Such system is 
proposed for the first time in the field of concurrent wind and 
base vibration energy harvesting.       
II. BROADBAND CONCURRENT WIND AND BASE VIBRATION 





Figure. 1 Schematic of (a) the enhanced broadband wind and base 
vibration energy harvester system and (b) the cross section of the two 
piezoelectric beams 
The configuration of the energy harvester under 
investigation is shown in Figure 1. A square-sectioned bluff 
body is connected to the free end of a cantilever in a way that 
one flat surface is facing the incoming wind flows. At this 
angle of attack the Den Hartog criterion of galloping is 
satisfied [25], and large amplitude oscillation normal to the 
incoming flow occurs when the wind speed U exceeds the cut-
in speed Ucr. Galloping aeroelasticity has the characteristics of 
being self-excited and self-limiting, with the capability of 
oscillating in an infinite range of wind speeds [26], which 
maks it a superb candidate for the purpose of wind energy 
harvesting. A range of cross section geometries is able to 
initiate galloping. According to our previous experimental 
study [16], the square section performs best for wind energy 
harvesting in laminar flows, thus is utilized here in the 
proposed system. A piezoelectric laminate is bonded to the 
cantilever near the fixed area, where the largest strain appears. 
During galloping, oscillatory bending of the cantilever 
induces periodic alternating strain in the piezoelectric 
material, which is converted into electrical charges and 
further extracted by the energy harvesting interface circuit. 
The fixed end of the harvester is subjected to base vibratory 
excitation z0. This harvester under combined loadings is 
denoted as Galloping-Vibration Energy Harvester (GVEH). 
Above the GVEH, a mechanical stopper is installed on the 
same supporting frame. The distance between the stopper 
beam and the top surface of the bluff body of GVEH is D. The 
fundamental frequency of the stopper is chosen to be much 
higher than the GVEH. When the displacement of the bluff 
body of GVEH relative to the base excitation is larger than D, 
it impacts the stopper. As a result, the total restoring force will 
suddenly increase. This piecewise linear effective stiffness is 
expected to introduce hardening nonlinear behavior and a 
broadband response. The stopper beam continues to oscillate 
at its own high frequency after the bluff body departs from it. 
Due to the high frequency nature, the induced alternating strain 
on the stopper is a prospective source for energy harvesting. 
By attaching a second piece of piezoelectric laminate onto the 
stopper near the root area, this part of strain can be beneficially 
harnessed, making the stopper a complementary energy 
harvester which is denoted as Stopper Energy Harvester 
(SEH).      
III. ANALYTICAL MODEL 
Multi-way coupling behaviors exist in an aeroelastic 
piezoelectric energy harvesting system, i.e., the aero-electro-
mechanical coupling between the harvester structure, air flow, 
piezoelectric transducer and electric circuit. To fully evaluate 
the mutual coupling effects, the analytical model should 
incorporate two parts: the electromechanical model and the 
aerodynamic model [10, 15-17, 22, 23, 27]. It has been 
validated in our previous experimental study that a galloping 
piezoelectric energy harvester always operates at its first 
vibration mode [16, 18]. The range of base vibration frequency 
of interest in this study is in the neighborhood of the 
fundamental frequency of the GVEH. Except for the instants 
when the impacts happen, the SEH undergoes free oscillation 
at its own fundamental frequency. Therefore, it is safe to 
establish the coupled single-mode distributed parameter model 
as    
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where the subscripts g and s represent the GVEH and SEH, 
respectively; η(t) is the modal coordinate; I(t) and V(t) are the 
outgoing current and voltage on the piezoelectric transducer; ζ 
is the mechanical damping ratio; Cp is the piezoelectric 
capacitance; χ is the modal electromechanical coupling 
coefficient; ωn1 and ωn2 are the fundamental frequencies of the 
GVEH and SEH, respectively; and fbase(t) and fgalloping(t) are 
respectively the base excitation induced modal inertial force 
and galloping induced modal aerodynamic force. χ is 
calculated as χ=-Epd31bphpc[ϕ'(x2)-ϕ'(x1)], where Ep, d31, bp, hpc, 
ϕ'(x2) and ϕ'(x1) are the piezoelectric elastic modulus, 
piezoelectric constant, width of the piezoelectric sheet, 
position of the center of the piezoelectric sheet with respect to 
the neutral axis of the composite cross section, and the slopes 
of first vibration mode at the end and start points of the 
piezoelectric sheet along the cantilever, respectively. Usually, 
x1 is taken to be as small as possible to ensure a large strain of 
 
the piezoelectric sheet. The mode shape is mass normalized. 
The modal forces are related to the base vibratory excitation 
amplitude z0, wind speed U, the respective distributed mass m 
and first vibration mode ϕ(x) of the GVEH and SEH, the mass 
of the bluff body Mt, and the slope of first vibration mode at 
the tip of the GVEH ϕ'(Lt). They are given by 
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where ρ, h, L, Ai and α are, respectively, the air density, frontal 
dimension and length of the bluff body, empirical 
aerodynamic coefficients and angle of attack. Here, the 
aerodynamic force in (7) is represented based on the quasi-
steady hypothesis [14, 26]. This representation has been 
validated experimentally in previous studies to be sufficiently 
accurate for the prediction of the mechanical and electrical 
responses of a galloping piezoelectric energy harvester [16, 
18]. (1)-(4) are the distributed parameter model for the case 
when the displacement of the bluff body is smaller than D. For 
the convenience of formulation and calculation, (1)-(4) are 
able to be degraded into the form of a lumped parameter model 
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Figure. 2 Schematic of lumped parameter model 
where M, C, K and Θ are the effective mass, damping, stiffness 
and lumped electromechanical coupling of the GVEH and 
SEH; and u1(t) and u2(t) are the transverse displacements at the 
tip. Further introducing λ1, λ2 and β to represent the inertial 
forcing correction factors of the two harvesters and coefficient 
of rotation deformation of the bluff body given in (16)-(18), 
(1)-(4) can be rearranged as 
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When the impacts happen, the GVEH and SEH engage 
each other. For simplicity, the collision is regarded to be 
completely elastic. The coupled model becomes 
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IV. RESULTS AND DISCUSSION 
This section presents a case study based on the established 
aero-electro-mechanically coupled model. The performance of 
the proposed design of a broadband concurrent wind and base 
vibration energy harvester with piezoelectric transduction and 
galloping instability is investigated. It is worth mentioning that 
using a fabricated prototype with a rigid mechanical stopper 
without piezoelectric coupling, the predicted power output 
responses of an impact engaged piezoelectric GVEH using a 
similar single-mode model have been experimentally 
validated in a previous study [19]. The benefits of the modified 
design is that by utilizing the high frequency stopper as a 
complementary energy harvester, the broadband performance 
is achieved simultaneously with a tremendous power level 
enhancement. The properties of the energy harvesting system 
used in the simulations are listed in Table 1. 
TABLE I.  PROPERTIES OF THE GALLOPING-VIBRATION-STOPPER 
ENERGY HARVESTER TABLE TYPE STYLES 
Properties Values 
Galloping harvester effective mass Mg (g) 2.78
Stopper harvester effective mass Ms (g) 0.44
Galloping harvester effective stiffness Kg (Nm-1) 31.56
Stopper harvester effective stiffness Ks (Nm-1) 520.62
Galloping harvester damping Cg (Nsm-1) 0.00652
Stopper harvester damping Cs (Nsm-1) 0.01054
Galloping harvester electromechanical coupling 
coefficient Θg (NV-1)
9.599×10-5 
Stopper harvester electromechanical coupling 
coefficient Θs (NV-1)
6.408×10-4 
Galloping harvester piezoelectric capacitance Cp,g (nF) 25.7
Stopper harvester piezoelectric capacitance Cp,s (nF) 25.7
Cross section shape of bluff body Square
Cross section dimension of bluff body (mm2) 20×20
Length of bluff body L (mm) 100
Air density ρ at 20℃ (kgm-3) 1.204
Aerodynamic coefficients A1~A3 2.3, 0, -18
 
 
The aerodynamic empirical coefficients A1~A3 for the 
square-sectioned bluff body are taken as A1=2.3, A2=0, and 
A3=-18 [14]. Here, A1 being positive ensures that the cross-
section of the bluff body satisfies the Den Hartog criterion and 
is able to be self-excited into galloping oscillations, while A3 
being negative brings a positive nonlinear aerodynamic 
damping into the vibration system, achieving a steady-state 
limit-cycle galloping oscillation at each wind speed. Advanced 
energy harvesting circuits should be used to rectify and 
regulate the electrical output during the wind energy 
harvesting [17, 22]. In this study, the focus in on the 
conversion of wind and base vibration energy into electricity, 
and the power regulation and storage are not considered. 
Therefore, a simple AC circuit consisting of a pure resistive 
load R is employed. The average power Pave is calculated as 
Pave=VRMS2/R where VRMS is the RMS value of V.  
The respective optimal resistive load for the harvesters are 
determined first. The variation of Pave with R is calculated for 
the GVEH at a fixed wind speed U of 4m/s with no base 
excitation, and optimal load is found to be 333kΩ where the 
maximum power is obtained. As for the SEH, the optimal load 
is determined to be 21kΩ from the response of Pave versus R at 
its fundamental frequency of 172.9Hz with a base acceleration 
a0 (i.e., 0z ) of 1m/s
2. The optimal load of the SEH is much 
smaller than that of the GVEH. This is reasonable and can be 
deduced by the fact that the fundamental frequency ωn2 is 
much higher than ωn1 while the capacitance Cp,g and Cp,s  are 
equal, since the optimal load can be approximated as 1/(ωnCp). 
In the following study, the respective optimal loads are utilized 
for the response calculations of the two harvesters. For the 
purpose of comparison, the performance of a linear GVEH in 
the absence of a mechanical stopper is first considered. With 
the optimal load resistance, when subjected to pure wind 
flows, the variation of Pave of the GVEH as a function of U is 
shown in Fig. 3(a). It is seen that the GVEH starts to extract 
wind energy when U exceeds 3m/s, which is the cut-in wind 
speed Ucr. Beyond Ucr, Pave steadily increases with the increase 
of U. Figure 3(b) shows the variation of Pave of the GVEH with 
the base vibration frequency ω under pure base excitations of 
a0=1m/s2. It is seen that the response is linear with a narrow 
bandwidth around the fundamental frequency ωn1 of 16.9Hz, 
where the maximum Pave achieved. Considering the condition 
with combined aerodynamic and base vibratory excitations, 
the variation of Pave of the GVEH with ω is plotted in Fig. 3(c), 
where U is constant at 5m/s and a0 is constant at 1m/s2. It is 
noted that when ω is away from the resonance, Pave under the 
concurrent excitations is constant at 1.2mW, which is found to 
be almost the same with that under the pure galloping 
excitations by inspecting Fig. 3(a). When ω sweeps up to be 
close to the resonance, Pave dramatically drops to a minimum 
value. The maximum Pave of 1.8mW is achieved around the 
resonance. Finally, with the further increase of ω, Pave drops 
back to the level under the pure galloping excitations. In this 
paper, we define the bandwidth of concurrent energy 
harvesting to be the frequency range within which both the 
aerodynamic and base vibratory inputs are effectively 
harnessed, i.e., when Pave is larger than that from pure 
galloping or pure base vibration excitation. The response of 
Pave for the linear GVEH indicates that, only in the region 
where the base excitation frequency is very close to the 
resonance, the two types of excitations can supplement each 
other and are both effectively harnessed. Outside of this 
narrow bandwidth, the base vibration does not contribute to 
the energy harvesting process. Actually, a further look at the 
time domain response of the tip displacement of the GVEH at 
17.5Hz which is slightly over the resonance given in Fig. 3(d) 
 
         (a)                                                                                        (b) 
 
         (c)                                                                                        (d) 
Figure 3. Responses of the original linear GVEH (a) Pave versus U under pure galloping, (b) Pave versus ω under pure base vibration, (c) Pave versus 
ω under concurrent excitations and (d) tip displacement in time domain.
 
shows that, due to the coexistence of two excitation 
frequencies, the harvester undergoes quasi-periodic 
oscillations with an amplitude modulation. As a result, the 
peak displacement amplitude is 12.6mm, while the RMS 
displacement is only 7.8mm, 12.5% lower than that of a fully 
excited harvester undergoing periodic oscillations with the 
same peak displacement amplitude. This reveals another 
disadvantage of a linear GVEH besides the narrow bandwidth, 
that is, the structure endures large deflection outside the 





Figure 4. Variation of (a) power of the GVEH and the SEH and (b) total 
power of the integrated system with base vibration frequency 
By employing a mechanical stopper to add piecewise 
linearity and at the same time operate as a complementary 
energy harvester, the variation of Pave for the GVEH and SEH 
with ω at different configurations of GVEH-SEH distance D 
is depicted in Fig. 4(a). U and a0 are still constant at 5m/s and 
1m/s2, respectively. It is seen that for the GVEH, when ω 
sweeps up to be close to the resonance, the difference between 
the displacements of the GVEH and SEH reaches D, and as a 
result, the GVEH starts to impact the SEH and experience a 
sudden increase in the effective stiffness during each 
oscillation cycle. The bandwidth of the GVEH is significantly 
extended beyond the resonance for all three values of D, within 
which Pave steadily increases. For example, with D=11mm, 
Pave of the GVEH steadily increases from 1.2 to 1.6mW within 
a frequency range from 16.8 to 18.7Hz. Increasing D results in 
a decrease in the bandwidth and an increase in the power 
amplitude. As for the SEH, it is noted that with the increase of 
ω, Pave gradually increases to a local maximum, then drops 
when ω increases to approach the resonance of the GVEH. 
Once ω sweeps up to be over the resonance, Pave of the SEH 
quickly increases to another peak, which is greatly higher than 
that of the piecewise linear GVEH or the original linear GVEH. 
The maximum Pave over the whole range of frequencies of 
interest is achieved at this second peak for all three considered 
D. Subsequently, Pave decreases with ω. When ω increases to 
the point where the GVEH stops engaging the SEH, with a 
larger D of 12mm, Pave of the SEH directly drops back to the 
level generated from pure galloping oscillations. In contrast, 
for the cases where D is smaller at 11.5mm and 11mm, Pave of 
the SEH increases to a third peak before it drops to the pure 
galloping level. The amplitude of the third peak of Pave 
(4.0mW) is comparable to that of the second peak (4.1mW) 
when D is 11mm.    
Combining the power output from the GVEH and SEH, the 
variation of the total average power of the integrated 
concurrent energy harvesting system as function of the base 
vibration frequency is shown in Fig. 4(b). It is seen that as 
compared to the original linear GVEH (Fig. 3(c)), a substantial 
extension in the bandwidth is achieved simultaneously with a 
significant enhancement of the power amplitude. As an 
example, with D=11mm, the bandwidth is 1.9Hz (16.8- 
18.7Hz) and the maximum power is 5.5mW, corresponding to 
8.5 and 2.0 times increase when compared to the original linear 
GVEH (0.2Hz bandwidth from 16.8 to 17.0Hz and 1.8mW 
maximum power). It is worth mentioning that the piezoelectric 
materials are doubled in the integrated system as compared to 
the original GVEH. Considering the power density per volume 
of piezoelectric materials, the power enhancement is still 
ensured with at least 50% increase. A qualitative explanation 
of the high power output of the SEH can be that with the same 
composite cross section geometry and piezoelectric sheet with 
those of the GVEH, the slope of the first mode shape at the 
same position x2, i.e., ϕ'(x2), of the SEH will be much larger 
than that of the GVEH since the cantilever length of the former 
is taken to be only the half of the latter (Fig. 1(a)) ϕ(x) of the 
two beams are both mass normalized. As a result,   the 





Figure 5. Time domain responses of (a) tip displacement of the 
GVEH u1 and SHE u2, and (b) voltage of the GVEH V1 and SEH V2
 
that of the GVEH (Table 1). At the same time, the high 
frequency oscillation of the SEH is more beneficial for the 
energy conversion since the power is roughly estimated to be 
proportional to the cube of the vibration frequency. 
The steady state response of the tip displacement in time 
domain for the GVEH and SEH at the base vibration frequency 
of 17.5Hz is shown in Fig. 5(a), with U=5m/s and a0=1m/s2. It 
is seen clearly that during each vibration cycle, the GVEH 
impacts the SEH, and leads to a high frequency self-oscillation 
of the SEH. In this way, the wind energy captured by the bluff 
body of the GVEH is transferred to the high frequency SEH. 
The corresponding voltage response is shown in Fig. 5(b). 
High frequency voltage is generated by the SEH, with the 
RMS voltage being 9.33V. Although the RMS voltage of the 
SEH is lower than that of the GVEH which is 21.22V, as 
mentioned before, the optimal load of the SEH as 21kΩ is 
much smaller than that of the GVEH as 333kΩ, making the 
final power output of the SEH as 4.14mW which is 200% 
higher than that of the GVEH as 1.35mW.    
V. CONCLUSION 
The potential of using a high frequency mechanical 
stopper as a complementary energy harvester to improve 
concurrent wind and base vibration energy harvesting is 
investigated. The wind energy is captured by the integrated 
energy harvesting system by exploring galloping instability of 
the square-sectioned bluff body of the GVEH. A single-mode 
aero-electro-mechanically coupled model is established 
which incorporates the mutual coupling effects and impact 
behaviors between the GVEH and SEH. The aerodynamic 
force is modeled based on the quasi-steady hypothesis. The 
analysis demonstrates that by employing a mechanical 
stopper to add piecewise linearity and at the same time operate 
as a complementary energy harvester, the bandwidth for 
effectively harnessing both aerodynamic and base vibratory 
energy is substantially widened, and simultaneously, the total 
power amplitude is significantly enhanced. As compared to 
the original linear galloping energy harvester, an 8.5 times 
increase in the bandwidth and a 2.0 times amplification in the 
output power amplitude are achieved at a wind speed of 5m/s, 
an base acceleration of 1m/s2 and a GVEH-SEH distance of 
11mm. It is concluded that adding a mechanical stopper as a 
complementary energy harvester to a galloping energy 
harvesting system is a viable solution to enhance the energy 
conversion performance in situations where wind flows and 
base vibrations are coexisting. 
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